Mechanical stimulation is known to cause alterations in the behaviour of cells adhering to a substrate. The mechanisms by which forces are transduced into biological responses within the cell remain largely unknown. Since cellular deformation is likely involved, further understanding of the biomechanical origins of alterations in cellular response can be aided by the use of computational models in describing cellular structural behaviour and in determining cellular deformation due to imposed loads of various magnitudes. In this paper, a finite element modelling approach that can describe the biomechanical behaviour of adherent eukaryotic cells is presented. It fuses two previous modelling approaches by incorporating, in an idealised geometry, all cellular components considered structurally significant, i.e. prestressed cytoskeleton, cytoplasm, nucleus and membrane components. The aim is to determine if we can use this model to describe the non-linear structural behaviour of an adherent cell and to determine the contribution of the various cellular components to cellular stability. Results obtained by applying forces (in the picoNewton range) to the model membrane nodes suggest a key role for the cytoskeleton in determining cellular stiffness. The model captures non-linear structural behaviours such as strain hardening and prestress effects (in the region of receptor sites), and variable compliance along the cell surface. The role of the cytoskeleton in stiffening a cell during the process of cell spreading is investigated by applying forces to five increasingly spread cell geometries. Parameter studies reveal that material properties of the cytoplasm (elasticity and compressibility) also have a large influence on cellular stiffness. The computational model of a single cell developed here is proposed as one that is sufficiently complex to capture the non-linear behaviours of the cell response to forces whilst not being so complex that the parameters cannot be specified. The model could be very useful in computing cellular structural behaviour in response to various in vitro mechanical stimuli (e.g. fluid flow, substrate strain), or for use in algorithms that attempt to simulate mechanobiological processes.
Introduction
Alterations in cell shape and structure caused by mechanical loads are critical to cell functions including growth, motility, differentiation, and proliferation (Chen et al., 1997; Chicurel et al., 1998; Janmey, 1998; Carter and Beaupré, 2003) . Much current research focuses on investigating the mechanisms by which cells sense and transduce mechanical forces into biochemical signals, and it has emerged that the extent to which an imposed mechanical load can elicit changes in cell behaviour partly depends on the distribution of forces within the structural components of the cell. The mechanisms by which cells resist deformation under imposed mechanical loads, and the contribution of each cellular component to structural stability, are therefore significant questions in cell mechanics.
Mechanical models could give insight into the structural properties of adherent cells. Previous modelling approaches involve either attributing the primary structural role to the cytoskeleton, or treating the cytoplasm as a continuum. The first category of models includes the tensegrity approach, which views the cytoskeleton as a network of microfilaments and microtubules that distribute forces within the cell through a balance of compression and tension Stamenovic et al., 1996) . By attributing a central role to cytoskeleton contractile forces, the tensegrity approach has described many aspects of cell deformability including non-linear features of cellular structural behaviour (Wang et al., 2001) . In the second category of models, the continuum approach has been used to model blood cells with a cortical membrane and viscous cytoplasm (Evans and Yeung, 1989) , airway epithelial cells in a 2D finite element model (Kamm et al. 2000) , the deformation of a chondrocyte within its extracellular matrix (Guilak and Mow, 2000) , and cell deformation in magnetocytometry with a viscoelastic representation of the membrane/cortex and cytoskeleton (Karcher et al., 2003) . The third category includes models of the cytoskeleton as a percolation network of fibres in a viscous cytoplasm, where the fibres recombine via linker molecules to transmit forces across the cytoskeleton (Shafrir and Forgacs, 2002; Head et al., 2003) .
Charras and Horton (2001) have suggested a model comprising a cytoskeleton tethered to both membrane and nucleus components to explain their observations of the effects of cytoskeletal disruption. It has also been proposed by Hochmuth (2000) that "the modelling of cellular deformation in the future may combine elements of both continuum models and tensegrity models". The present paper describes the development a model of a eukaryotic cell adherent to a substrate using the finite element method, incorporating those cellular components that are likely to be structurally significant, i.e. nucleus, Finite element model of an adherent cell cytoplasm, membrane components, and a cytoskeleton network of filaments and tubules. The aim is to determine whether or not we can successfully describe the non-linear structural behaviour of an adherent cell, including non-linear stiffening, variable compliance along the cell surface, the influence of tension (i.e., prestress) in the actin filament network, alterations in stiffness during spreading, and the contribution of each structural component to the cellular stability/stiffness. If this is possible then we would have a prima facie case for using such models as predictive tools in mechanobiology.
Methods

Model Geometry
A finite element model was created to represent the shape of a rounded cell adherent to a substrate in various spread configurations. The geometry was based on images of spreading fibroblasts (Fig. 1) . The cell immediately post attachment has its most rounded configuration (Fig. 2a) and consists of a cytoskeleton incorporating microfilaments and microtubules, together with cytoplasm, nucleus and membrane components. Similar models were created to represent the adherent cells at increasingly spread shapes ( Fig.  2b -2f ). The internal cytoskeleton consists of a tensegrity network of six compression-bearing struts (two in each orthogonal direction) and twenty-four tensional cables representing the aggregate behaviour of microtubules and microfilaments respectively. The end of each strut connects with four cables, creating 12 common nodes representing 'receptor' sites where actin filaments cluster at adhesion complexes in adherent cells. In the increasingly spread models (Fig. 2a -2f) , the microtubule and microfilament elements are altered in length and position as these nodes are re-positioned downwards to comply with the spread shapes. New surface locations for the 'receptor' nodes are established by firstly determining the nodal positions that maintain the original vertical proportions of the internal cytoskeleton structure in the rounded configuration shown in Fig. 2a , i.e. three horizontal planes formed by nodes 4, 5, 6 nearest the substrate, nodes 7, 8, 9 next, and nodes 10, 11, 12 farthest from the substrate (Fig. 2a shows the original positions of these nodes). Radial planes defined by the central axis and the original nodal positions are then established; the intersection of these planes with each new model surface yields surface lines along which the new nodal positions must lie. Points of intersection of these surface lines with each of the three horizontal planes established in each model yield nine new nodal positions of the cytoskeleton nodes when repositioned to conform to the spread shape of each model. The nodes of the membrane are coincident with nodes of the underlying cytoplasm and with nodes of the cytoskeleton at receptor sites. Contact radii and heights of each of the finite element models are provided in Table 1 . The corresponding cell volumes are ~3,000 µm 3 and the nucleus in each model formed from an ellipse with a major axis of 8 µm, minor axis of 5 µm, and a distance of 2 µm from the substrate, also based on experimental observations by Thoumine et al. (1999) .
The model is developed using ANSYS (Palo Alto, CA, USA). The cytoplasm and nucleus elements are meshed with 4-node lower-order tetrahedral elements. The membrane is meshed with 3-node shell elements. Microtubule struts and microfilament cables are meshed with single link elements (a three-dimensional spar element with bilinear stiffness matrix), compression-only and tension-only respectively.
Constitutive modelling of cellular components
Material properties for each of the cell components are not known precisely and can only be estimated from various sources (see Table 2 ). The cytoplasm and nucleus are here treated as linear elastic and isotropic continua. The elastic modulus of the cytoplasm is chosen as 100 Pa (Kamm et al., 2000) , while the nucleus is chosen as 400 Pa, Figure 1 . Images of a spreading chick embryo fibroblast adherent on a glass microplate for (a) 5 minutes, and (b) after 3 hours, adapted with permission from Frisch and Thoumine (1999) . The dimensions of the finite element models developed (Table 1) four times stiffer than the cytoplasm, as reported by . Poisson's ratio value (υ) for both nucleus and cytoplasm is chosen as 0.37 (Shin and Athanasiou, 1999 ). In the model developed by Kamm et al. (2000) epithelial cell membrane elasticity was taken to be 10 7 Pa with a thickness of 6 nm. Since in that study, it was concluded that the membrane elastic properties were over-estimated, a lower value of 10 3 Pa (with ν = 0.3) is selected for the present model, while maintaining the same membrane thickness. Gittes et al. (1993) measured the flexural rigidity (bending stiffness) of microtubules and microfilaments subjected to thermal fluctuations. The properties applied to the cytoskeleton components, i.e. the microtubules and microfilaments are based on the elasticity values calculated from these bending stiffness values under the assumption of isotropy and homogeneity; the microtubules are assigned corresponding cross-sectional areas of 190 nm 2 , while the microfilaments are thinner with an area of 18 nm 2 .
Initial constraints
In all models with the various degrees of spreading ( Fig.  2a to 2f) , nodes at the cell-substrate interface, including the three receptor nodes that establish a cell-substrate plane in each model (nodes 1, 2, 3 in Fig. 2a) , are constrained in all three translational degrees of freedom. Therefore the constrained points are analogous to focal adhesion sites in adherent cells. Initial constraints in each analysis also involve application of a prestress (initial strain) to the microfilament elements in each of the six models. Prestress is an initial tension that effectively accounts for the contractile effect of acto-myosin sliding mechanisms in the membrane/ cortex region.
Prestress and strain hardening. Prestress values assigned to microfilament elements of model (a) are varied from 0 to 10% in the first loadstep of each analysis, while subsequent loadsteps involve application of a 100 pN force (50 pN applied to two membrane surface nodes as illustrated in Fig. 2a , load vectors denoted by 'A'). The displacement of the nodes in each direction due to the applied force yields stiffness (nN/µm) estimates. To investigate strain hardening, the force applied in the second loadstep is increased from 25 to 150 pN while maintaining constant prestress values in the first loadstep.
Parametric variation of material properties. The influence of material properties on stiffness is investigat- Variable compliance of the cell. All six degrees of spread cell configuration [ Fig. 2a to 2f ] are used to investigate differences in rigidity along the model membrane surface. Again prestress is maintained at a constant value (2%) in each model. In each model vertical forces (50pN) are applied to a receptor node, and at various distances (<5 µm) from the receptor node (as shown in Fig. 2 , load vectors denoted by 'B'). This essentially mimics indentation as applied by atomic force microscopy.
Spreading effects. All six models are also used to investigate alterations in stiffness as contact radius increases. A force of 100 pN is applied as in Fig. 2 -vectors 'A', but in both x and z horizontal directions. Averages of displacements in each direction yield stiffness estimates for each model. Prestress values applied to microfilaments are kept constant in each model, which is in accordance with observations of constant cortical membrane tension in spreading cells (Thoumine et al., 1999) .
Results
When forces in the pN range are applied to the cell, the model computes small displacements on the order of nanometers. The stiffness values obtained are in a similar range (from 0.5 -3 nN/µm) whether the model is resisting horizontal forces or vertical indentations. As prestress is increased linearly, a non-linear increase in stiffness arises (Fig. 3) . This effect of prestress on cellular stiffness is also seen when the force is applied at a distance from the receptor site.
It is also evident that, as the applied force is increased, the stiffness of the cell increases, and this hardening non-linearity disappears in the absence of a prestress (Fig.  4) . Since the amount of compression borne by microtubules has been the subject of debate (Ingber et al., 2000; Heidemann et al., 1999 ) the microtubule components were deactivated in the model illustrated in Fig. 2(a) , effectively modelling the treatment of cells with microtubule inhibitors such as colchicine. It was found that, at 1% prestress, the decrease in stiffness was ~77%. This finding corresponds to experimental observations of significant losses of structural stiffness upon disruption of microtubules (Stamenovic et al., 2002) and of microtubule buckling in response to increased cell contraction (Wang et al., 2001) . Incompressibility of the cytoplasm (i.e. Poisson's ratio, υ) has a significant effect in the model; increasing to 0.49 increases stiffness by 45%, whereas decreasing to 0.25 decreases stiffness by only ~4%.
The cell stiffness changed greatly with changes in the stiffness of certain cell components. Microtubule components have the largest influence on structural stiffness, followed by microfilaments and cytoplasm properties (Fig.  5) . The properties of the membrane and nucleus components have a small influence on structural stiffness relative to other components.
In each increasingly spread model applying vertical forces yields differences in compliance along the model surface, i.e. compliance increases with distance from receptor sites (Fig. 6) .
As contact radius increases in models (a) to (f) stiffness increases initially, followed by a drop in stiffness in model (d) and a final increase in model (f), as shown in Fig. 7a . Therefore the stiffness is not predicted to change systematically with cell spreading. The corresponding cytoskeleton displacements due to prestress in the first loadstep in each model (Fig. 7b) illustrate slight increases in displacement to a maximum in model (d), which may be related to the trend in stiffness values in Fig. 7a .
Discussion
The non-linear increases in cell stiffness as a result of increasing prestress exhibited by the model is attributed to the internal cytoskeleton -the effect is also seen when forces are applied at a distance from the underlying cytoskeleton, although the effect is less pronounced. Experimental observations of such an effect in adherent cells have been reported by Pourati et al. (1998) and Wang et al., (2002) . The strain hardening effect captured by the model is also due to the cytoskeleton and corresponds to experimental observations of increases in cell stiffness in response to increasing loads applied using micropipette techniques (Sato et al., 1990 ) and a magnetic twisting device (Wang et al., 2001) . Therefore the results of our finite element model concur qualitatively with the experimental findings that the internal cytoskeleton plays a key role in determining the structural properties of the model.
With the exception of the cytoskeleton, the cytoplasm has the largest influence on the overall resistance to deformation even though its elasticity is significantly less than that of the nucleus and membrane (Fig. 5) . This, of course, may be attributed to the large volume occupied by the cytoplasm relative to other components. This indicates the importance of determining correctly the incompressibility of the cytoplasm, particularly since a wide range of values have been reported from experimental studies: Shin and Athanasiou (1999) have reported a value of 0.37 for osteoblasts using a cytoindentation method and linear biphasic finite element analysis; Mathur et al. (2001) and Kamm et al. (2000) use values of up to 0.49 to describe cytoplasm incompressibility. The membrane, despite its small thickness has a larger influence on stiffness than does the nucleus. Increases in the elasticity of the microfilament components have a small effect, while a decrease is more notable since this compromises the greater structural contribution of the microtubules. This influence of microfilament properties on structural stiffness further confirms the view that the contractile force transmitted by actin filaments in adherent cells has a large effect on cellular structural behaviour. Other recent publications have also suggested the importance of prestress in giving the cell the structural stability to resist cellular deformation . Changes in microtubule properties have the largest influence on the structural stiffness of the cell -this is attributed to their larger cross-sectional area, their positioning, and their role as compression bearing elements in the model.
It has been observed that adherent cells increase their resistance to deformation (or stiffness) as they become more spread on a substrate (Thoumine et al., 1999) . The models developed here do not conclusively reflect these findings (Fig. 7) . The lack of such stiffening in our model may reflect the simplistic nature of how we have modelled the re-arrangement of the cytoskeleton as the cell spreads. In this respect, the percolation network models mentioned in the Introduction (Shafrir and Forgacs, 2002; Head et al., 2003) may prove superior. However it is evident that there may be a relation between stiffness and the cytoskeleton in each model, i.e. it may be said that the movement of the cytoskeleton in response to arbitrary prestress value is related to the final stiffness value (Fig. 7) , e.g. high CSK displacement results in low stiffness (as in model (d)) and vice versa (model (b)). Such results emphasise again the influence of the cytoskeleton on overall structural behaviour. Interestingly, to explain their observations, it has been suggested by Thoumine et al. (1999) that stiffening upon spreading may be correlated with structural re-organisation of the cytoskeleton during the spreading process; this further indicates the importance of modelling cytoskeletal re-arrangements in future work. We also report that compliance varies considerably along the surface of each model, with the highest resistance to indentation at receptor sites due to the underlying cytoskeleton. The stiffness values decrease considerably at short distances from receptor sites and converge to a range of lower stiffness values in each spread model (Fig.  6) . This corresponds to variations in elasticity values determined when indenting into the surface of adherent cells using atomic force microscopy; e.g. local elasticity values vary from ~0.5 kPa to 170 kPa if indentation is applied in the region of stress fibres or actin filaments (Mathur et al. 2001; Domke et al. 1996) . Quantitative confirmation of the present model has been addressed in McGarry and Prendergast (2003) . In that work, we applied displacement boundary conditions that reflect the geometry of an indenting AFM probe and, together with the use of an appropriate theoretical relation (Hertz, 1881; Sneddon, 1965) , we were able to determine elasticity values in the range of those reported from experiments.
By accounting for the role of all structurally relevant components in maintaining a cell's stability, while incorporating non-linear aspects of adherent cell behaviour that are due to an interconnected cytoskeleton, the models developed in this paper can be viewed as a fusion of two contrasting previous approaches, the stress-supported tensegrity approach and the continuum approach (Kamm et al., 2000) . A benefit of the approach to repositioning the tensegrity-based cytoskeleton to increasingly spread shapes is related to the fact that the orientation, positioning and length of internal cytoskeleton components is altered by polymerisation, and by clustering of actin filaments during spreading as adhesion bonds form between intra-and extra-cellular structural proteins such as vinculin, talin, and fibronectin (Alberts et al., 1989) . It has also been suggested by Gittes et al. (1993) that to account for the seemingly excessively rigid mechanical properties measured, sliding and movement may occur between filaments and tubules. The material properties chosen to represent the cytoskeleton have been used in previous models (Stamenovic and Coughlin, 2000) , while similar values for flexural rigidity have been estimated theoretically by Ben-Avraham and Tirion (1995) , and are in agreement with other experimental work (Tsuda et al., 1996) . The role of intermediate filaments was not included since their contribution to cellular rigidity only becomes significant above 20% strain (Janmey et al., 1991; Wang and Stamenovic, 2000) .
We set out to develop a computational model to provide quantitative predictions of the non-linear structural behaviours that are attributed to the cytoskeleton components, and the relative importance of various cellular components in resisting imposed mechanical loads. The idealised geometry and linear elastic properties used are sufficient to explore the static response to imposed loads, while the need for morphologically accurate model geometries, with time-dependent material properties can be addressed. By application of appropriate loading conditions, the model could also be used to compute cell deformation due to various mechanical stimuli in vitro (such as fluid flow, substrate strain, microgravity) in order to understand the biomechanical origins of differences in observed cell response. It could also be used as a means of comparing the effect of various single-cell stimulation methods (such as optical tweezers, atomic force microscopy, or microplate manipulation).
